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ABSTRACT

Summary rszsults of U. S. Navy Underwater Sound' Laboratory experi-

mental prog%;Am to investigate acoustic phenmeanth AtiOcaar

presented.

Since the sound Velocity is an inicreasing fuiictibri of depthi propiaga-

tion,-is charatcter ized by upward refraction, and surfaice reflection (RSR)..

A rough..surface model of~the ice coveir accountsa,, for- both forward and

back-scatter. The roughnes s-wave6leng1th spectrum -calculated fromn re-,

verber'ation measureMents is simnilar 0that for the sea surface, although

'I j the level is m~uch higher. Forward'scatter loss depends on~total rough'-

-esand i's.r esponsible for se vere attefiuation of high frequencies. Propa-

j jtioh'aiid'reverberation data both iniplyi an R. 'M. S. roughness of frpm

two to three meters, which is consistenit with u.nder'-ice-'ofilie measure-

ments. Propagation of -explosive ,wave sis described by normal ,mode ~and

ray theoriM At short ranges, convergence zones are observed. Because

Ithe Ice cover, shows -a "critical, angle" -,dependence, the -tikme diipersion..v f

the wave trainat -long range indeep water is qite well defin"-eda( 16,Y

jInshllow water,. the ',bottom-xmay produtce bottom reflection Modeb ~

duce'd dispersion of the refracted'imode.i

Unusually low ambient noise. levels, are obs,&rviad'during tiniiurbed'

I [ preriods. -Spectra- indicate thiit the noise 'ackground' arises zhain-y -va

rorng range propagation at the se time s. In'-period ,ofhigh. *iwidV~ihn 0arti,-

Icularly rapid temperature change, char acteristic ic e nqies arep prdMi-

.nantly~poU local origin. Occaiionally during, the summl,-r l ,b'xoigicilsad,,hds

11ofvarious formfs-,of mArhie& life 'are6 heard.,
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*1 V1. INTRODUCTION

1. 1 Brief History

K In the summer of '19 58, the Underwater Sound Laboratory (USL)

began an expdrimental study of.underwater sound propagation in the Arctic

OceanW Signals from un4derwater explosives were exchanged between two

'drift stations, Fletcher's Ide Island (T 3) and Station Alpha, which atthat

'time were some 800-km.apart. These early experiments revealed some

of-the unique features of long range propagation under the ice cover. Nota-

bly, the arivals ,were found to-consist of a dispersive quasi-sinusoidal

wave train 6f 10-l00'Hz, frequency range. The dispersion and'transmnis-

sion ioswere qualitatively explained by a half spac6 sound channel model

in which the attenuatioi- of high, frequencies was ascribedtb scattering by

the rough undersurface of the ice.

'During the srnmer of '1959, the experimentalprogram was continued

T between T3' and Station Charlie at a range of about 1200 km. ? In order to

study propagatioias a function of, range, series of aircraft flights were

made in-which practice depth charges,(PDC) were dropped at ,intervals.

Thedlbcatidns of the stations and aircraft drops are shown in Figure L Sig-,

nais were recorded at' both stations to provide data for a varietyof propa-

gation paths of varying length, involving bothdeep arid shall6w waeter. In

September, cth6 visit of-the icebieaker Staten Island" provided the opportu-"

nitylto Obtain data.at intermediate 'ranges which, was difficultto-obtain-with

fast.,mov, iig aircraft. -Other 'local measurements were made inthevicinity-

Pf'T 3 outtVt a, range of ,' 10 .km.

tDuriifg April and 'May of- 19'62, a, cooperative experirnient by USL,

SLaniont Geophysical Laboratory and the P:acific Naval. Laboratory was

ii 1
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c arried out 'between three drift stations: T 3, Arlis II and, Polar Pack 1
at locations shown in Figure 1. The main purpose of this series was to

obtain supplementary- cold weather data prior to the summer warmup.

Some aspects of th e program have been previously rep6rted in two T
:papi-rs, oeon propagatior? and another on' reverberatiozu4 Thsrport

is a,.suxnmary -of the -USL experimental and theoretical6 rsuits pertaining

to propagation, -reverberation and' ambient noise. Published regults of

r other 'investigators are also includedfor comparison.

1. 2 Propagation

In the Arctic, Ocean, the speed of 'sound is usually an incr ea:sinig

funiction of 1depth. the Propagation of a transient signal can'be diliscribed

by rays which- re refracted upward and suffer repeated reflectioin at the

surface (RSR). At-long ranige the deepest rays arrive-fir at. T1iis earli .

est 'arrival may b4e limited by the,'bottom, or by a "ciftical anglei" of-mr-

flection at the ie;e -surface., As-time ,progresies, rays arrive With de-

creasinig vert6: depth-and with- increasifig, rate'until, the train terminates

with rays, traveling near the ourface.L

If-the-first -rays are- bottom limited; 'the signal -onset is-goveined by

the bttom, grazinfg, ray. For greatqr grazing' a!ngles, the rays, are kefl'ec-

ted',at'-the -bottom, and- the~g goupvelocity'is le s, Thus bottom refletion:

modes appear as ' -sequence~of, diacrete ,arrivalsi, withthe, sPacingj.gov5%erned,
by gjra ing -angle and waiter depth. These overli j the refracted~pdsi-n

often peristlfor a l'onger tlime. Whefn the surfacle graz~ig anglb is greater
thn he"'riicl~ng&'however, 'the, bottom, mode~ a rapil atuat

z ~



At long range, thenormal mode theory also provides a, simple des-

cription of the refracted wave dispersion (Sec. 2. 5). B~ecause of the

logses produced by repeated scattering at the surface, ordinarily no-more

A -than-two or three modal harmonics are observed.

[ At Short range,, 'however, the normal mode calculations are more

complex because the arrivals are less uniformly dispersed. Since the

scattering loss is also-much less, a greater nuxiber of harmonics and, a

wider range of frequencies are received. Convergence phenomena may

also, bccur which produce conceitrations of energy, periodic in, range.[ Thus we may-have one or more group velocity minima in normal mode

theory corresponding in ray theoi'y to inflections atparticular surface
grazifig angles,

InAhe simplified theoretical mnethod for estimatifg 'transmissin-

ioss, we, consider only the effects of ,refractiori and scattering (S&c. 2. '6).

Since the predominait energy at moderately i6ng ranges arrives near ter-
mination,0f'th6 signal,. spreading loss is approximated for the.pre1railing

half -channel conditions, -while the scatteriig losd is taken as the loss per

-J reflection (Marsh) times-the humber of reflections. For th escattering

.model, we use the windriven sea surface model, with the R. M. S. rough-

ness-adjusted to fit the exp eimental data.

i. 3 Reverberation

The validity & 'the scattering model is-,confirmed by the roughness-
wave nunber speqtrum calcuiated fr.bm .measurercints of backscatter,..

verberation) from, an: explosive source (,Sec. 3. 2): The scattering strength

depends on wavelength and ingle q f incidience, socthat-the roughness-w-ave-

length spectrumlevels are calculated: from,.the reverberation, frequency

3
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; spectrum. The proc~dure is to determine the scattering strength as a

fuinction of time and frequency. The surface grazing ayxgle ('for single

incidence) is theni calculated, considering shot depth a nd refraction ef",

fects. the incident souind waveleng.A and grazing angle~then ~deterrmine

,the corresponding wavelength of the siface roughness spectrum. The

roughness amplitude is finally dalcuLited~-from the scattering qtrength,

for the appropriate wAvelength.,

I1.4 Noise

N I A summary of ambient -noise. mneasurements is, presented in.Sec. 4. 2.

in undisturbed periods, the noise, background in the. Arctic Oceai is. often

,be-low-sea ;tate iero- equivalent. Under these conditions, measurements

with theDT9 *ere system-noise limited. For this reason a spe~ialildw

noise system Was developed4 for ambient obbervati~fn, which permitted

mheas;urement to -some -4O,,dB below the.-Knudsen s ea state zeros spectrum.

For slightly di.4turbed, conditionsI the, spectr'a are similar, to Kniudsen's.

:Duiiig'proloniged quiet periods, however, the'high frequencies-drop off

markedly, leavi g aL noticeable peak in the "pass, band"' of the soundchah-

nel. This is initerpreted as noisbe propagated from'distanitsources. SComn..

j arison is also,-made between, acoustic and, seismic amnbient -nise.ue

Other inter estin~g 'featuresa of ambient noise unique~to the Arctic in-

diude thermal "poing" andr explosive cracking- after a rapid drop in -Hir

temperature. Plowing snow noise during, winter storms mnay ajo reech

very high levels,(sea state 3 or moicre)., 'Penerally, howeve r,,, the stiffiher'

,calmfs are characterized by very quiet c~onditions. At,,these timnes, sounds

of a great- variety of ifftarine life- are occasionally-heard. the sources of

these whistles, glides, chiips, grunts, etc., have 'no9tbeen identifie, but

probably includ'e cetaceans,, seaisi walrus, etc.

4,



2. 1 Ekterimental Procedure

In the pr opagation, experiments between the,-drift stations, shooting

ichedules were- prearrangedo coordinated directly. by; radi6. communi-

cation. Electrical detonation Was, used, aiid, both -firing and arrival times

Wfre, mea.sured by-chrononieter-,to, an-accuracy of - P. 5 -sec. Since the

stations Were ,continuouslydOrifting in an unpredictable manner, itwas

impossible to-determine the range between st.tions-to equal _accuracy.

Sun positions Were taken4 by theodolite,, whenever- sky .coniditions, pearmitted,

butf the average error was no less than a few kilometers. Daily dIriftil on

the order, U a iagrlitude greater complicated the navigation -problem.

In the aircraft rimis, practice depth charges-ADC) were dropped'-a

intef~als along a, redetermined track whenever suitable opening s,in the

ice, cover coud-be sighted. The P DC s Were set to explode at a depth of

15 'oi '60'metbrs* and, the detoniation.,iie was taken as the time of impact

plus .th,, estimated sifkinig timne. Air craft drop posii were -determined

2by sun shot* and dea' . reckoniing, and are considerably le~ss -accurate-,than

the positions- of~theilafids.

-At the drift stations, the shot sigfial's were de6tected.-by means of -hy-.

drophiones lowered th"Cougholes drilled in the sea ice. Since the ice

iWands are as mui~ch as' 30-40 meters thick, a minimnum depth, for the hy;-

drophonies of 60 meters was chosen to prevent possible shadowing. Some

The depth- settingto .of the PDC pressure actuators,,arei actually 50 afid 290
feet. For conseistency, &lA Yength-mekiurements will-be expreased in the

metric, system.



measuirements were made wi.th the phones as deep as 180 meters. ilow-

~ I ever, the greater depths-were found to be of marginal interest since the

4simpl-er proceduire of varying shot depth showed most of the essential ,fea-

tur es9.

In all. the earlier ex~ariments, a standard PQM (DT 99 )'hydrophone

was used. The disadvantages of this hyir ophone were that the multi-

conductor cable ,was soffewhat unwieldy and the ~associdted preamplifierj

was suibject to s-aturatlon-by-strong signals. TChe overall frequency re-SIsponse was 10-10,,000 H~z. For later teats, a new system was developeadJ

using a bilamiiari-disc hydrophonie. Because-of-their high' capa citance

(0. l vFY, these units could. efficiently drive several.Ihundred feet of light-j

weight shielded cable directly without a preamplifier. The system noise

was miuch lower than it was using the DT 99,;, horwever, high, frequency re-j

iponse Was sacrificed, since resonance. occurre'd ;it 2 kHz. Another disad--

vantage was that the hydrophone could. not withstand. more than 100,1meters

-submefrgence without, mechaiticaL failure.

The siignals froin the liydrophone were recorded by meanis-of a graphic

recorder. with frequency response to 100, Hz. Magnetic tape recordings

(FM and/or' dirict) were also ffade with full system, frequency -response for

'later analysis. Calibratidrvof the system was accoimplished byF injecting-

'sinusoidal signals of known vroltage at seleeted frequencies. A single miaster

gain control'proVidbd adjustmnent 'of the 6yitern gain for calibration, iignal

and ambient: noisue recording.

During~the eariher tests, itwas found -that the dxplcsions often, de-

livered yary ihg yields, as result of incomplete -detonation. To, circumvent

this difficulty, a proc~dur6 wa6 established to record~th! shot at the'trans-

mitting, Site whenpossibie. Thie effective yield was determined, rrii the

61



bubble pulsf, period' anddepth. The record'in Figure, 2 is a pressure vs

time signature for a typical shot.at 1 km showing the, shockwave and, bubble

pulses (positive pressure.) , and sifface reflections (negative ,prds sure).

If the system-were overloaded or cluttered with interferingarriVals, 'the

bubble pulse -period could be obtained from the periodic envelope mo~dula.

tion -. * the spectrum. The two specdtra shown in Figures 3a, b, which are

shot signatures at 1 kin, and 50 km range respectively, show this clearly.

Z 2 Daita Analysis

Analysis of& the data is "of~ three general types. First,. graphic rer~

cordings made on the, spot fur ni shed-dire6-t. prepssure amplitude vs time

traces. These show qualitatively the effects. of shot size and depth, as

well as the quasi- sin-dsoidal and interference- features of the pr~pagation,

The times,,6f onset',and terrninatibn al'so provide measures of. time-disper-

siob and' travel time.

Secondly, the, magneitc tape -recordings were analyzed :by means of

7a K~ay Missi lyzer.Spectrum--AnvWzer tbprovide the freqjuency spectrum

vs, ime Thse, 4hsar6useul'ii aalyingthe freque~fcy.'-tirie depen-

defie o. te nrma moes nd armhicrelations between t~hem as.,well

as the initerferenice effect~of the bubble Puls e.

Finally, the magnetic tape weeue t aecontinuouis loop re -

cardingi of, the shot. signals, 'which were scanned by means of ai variable

Kfrequency, -narrow 'band filter. A typical result of this technique is ,shown'

-in, Figure 4. Together' with the calibration tapes, this permit scalculation

.. of 014- received energy flux spectrum~ as-.a function of range, shot size*
depth, etc. Knowing--the source energy flux ,pdctrumn at 1 mn, range ,(We ston)',

the transmnission los s-is calculated. Since tli-e received signal, varies in

7



time and frequency in a complex'fashion because of source and =odal in-

terference effects, the peak, envelope method ofianplysis',was used in,,much

of thiswork. A smooth, curve was fitted to~the Ilaverage" spectral- peaks

so as to eliminate mode and bubble pulse m6dulation; This ils~the- ial~d

curve -seen in Figuro 4. In another technique, -Iog~t filters-were, used and,

the; total (integrated') energy flux -spectrum l-evels 'calculiated. The-two'

methods were found to be-.n quite reasonable agieement.

2. 3' Experirnental.'kesults (Ceneral),,

The pertinenit data for the anailyzed shots are- contained, in Table 1',

Each record is identified',both serially and with the notation of the, orig-

pal exp eriment log.

Figure 5 shows~ty~ical graiphic frecordings-,made. at ARiAS -11 iom

sh6ts-of'several size sditonated'at, T-3., All were it 12P rnetergsd4epth,

except the 375 lb. shot,, wikh Wais fired at 100 meters. The travel tirme,

cdorrespqn~ing to termination-of the-water wave -is, 5 6 3 'sec. F~ra soun

speed of Y438 m/sec, the calculated range is ,810 km, agrte'Iig with the

navigational value within a few km. It. should be noted"that~the- receiving

systezn gain was adjusted to compensate for source level, changes. The

,time-di speision variies> between 6. 6 and 7. 1 ~sec'onds,, ihr easing, with shot-

size., For the smaller shots, the complexity of .the'beginning of ,the.-water

wave is particularly noti-ceable. this is due to -contributIbns from seVeral

modes as well as from interfeenqe bf'kh6 bubble -pulse. For the large-r

shots, the spectral energy is concefitrated at lower fequencies', the rela-

tive, excitation of higher frequencies is lessand~ the bUbble, pulse frequency

is lower. Source -interference effects persisting thrc-ughout the entire-train-

are -clearly evident. --



Figu0re -6 shows Misiilyier recordings ottwo typical shots. Note

that the Ioweut( Izeroirode, begins nea'r 10-Hzandificr eases with time to

about 70 Hi41t term4,nation. The, firstm modal harm onic isa visible, throbugh-

out the' trace, wihile the secondand higher mnodes vanish soonafter the be-

ginning of the Wave. Bubble pulse initerfeience effects are evident from

the-ainplitude .x.nodulation 6f the miode lines at- multiples of the bubble pulse

frequency. iorimal1 mode theory is discussed in ,Se6iqn 2. 5.

E h eeve'sgaschar a~ter istic ally have an abrupt bIegining anid

end-,with~a duratiohNiprbportional~tp travrel time. Figuri.- 7 contains a pjot

~of time duration (di per sidh)Vs., travel firme-foi some, fifty, phots, dtntd

unde6r-various conditions and times 'during the experimrentali prog; am, The

zdata lshow a mean time dispersion ratio of ugh.ypir an1.The ftic-

toks- governing- onset and termi-hation of the -'ater wave are' discusse'd else-

where;

;i-igure6:8 gives a typical sound',velocity profie for, xirnmer conditions,

jThe two major -zone s-6f Int~e st are the deep water isothermal gradient be-

ginning near 300 meters and'th& ov erlyirig layeri of'some 3 or 4 tim es greater

average, gradient. 'In the utsper zone, there,'is iiome detailed structUr' -which,

depends on season.

Table HI conitAins ray calculatiois for O'~e-ve2locity, profile of Figure 8

'(see,'Section 1. 5). it is notable that the time dispe~rsion corresponds to

r.zay depths l'ess than 1500 meters and ,surface grazing, angles 'liss, than 13*.

Siii-ce-,the minimum water depths 'for some of the 'expferimental paths were

in excess of 2000 meters ( 'igures 9-11), it is clear that the' onset of the

wave train As not always governed by the bottom. 'If this is true, the on-

-set must be limited by the surface, reflection caefficient' of the ice cover,

which appar ently dimhini she s rapidly for grazing angls greter than 130



Figures 12a, b show Missi.lyzier traces. Zor the propagation path,,pko-.

.flsof Figures 11a, 'c [nl, nud~vabobtce'h hkh ie

dispersion pattern remaining. The deep-watbr duration is in excesnsoften

secionds.

Under some circumstances, the -bottom reflection mode ii received

along with the&RSR mode; -in, thiuscise, the oniset corr esponds to a grop
velocity maximum. This effect i sen in Fiue1awhcsarecording

ofa shot-dropped froman,'ircraft anid received 572 second a' later. The-

first hundred kil'ometers of the propagtation pat were inA shoaling, water, ( 10a)'

and gave rise, t6,more than tyienty ideiitifiable bottomi arrivals. which obscure

the ASR mode. Figure 13b ii nother ishot at almost the wme r~ingp but re-

ceived spine 20 miniutes later. The! botom toography (liOb) has, changed,

so that an obstacle intervenes, and cit* p'othe'botion -mode comipletly.

2.A Transmission L,6ss(Ex~eririental)

Figure 14 shows a ;ty~iil eniiergy-f.1iux vs. frequefcy spctu (V
measuircd as described in "Section .2.Transi-nission lossvs. ranige data

for all shots ('compuiedfrom the re1*MtinN =' ,, are shown, in

Fi~gures 15 through 27. 'The, soujrce levi-d s& ectrium at 1 me'ter, L , wasi

'taken from We ston. for the-approprkiate yield, co'.rected(wher ,'poqible)'

by the bubblerp%4s e -period-vs.depth mnethod mentione d earlier; 'It should

be noted that Westoni's shot spectra account for b Abbb)_-pulse initerference

only at .ihe fundamental frequency wihile-tfiq true spectra,,,sho~vs maxima'

and minima over maby harmonics. Thus,. the Weston spbctrum represents,

a quasi..envelope of the actual one (37igur,6 28).. 'The. harrow band analysis

me'.hod used-here clearly -shows these ajd -other -itrerne and an 4&n-

vl'ope was drav~n similar to W'estonls t&aveiage them out. -
10 L



The, transmission loss cdat~i show, c.onsideraible scatter which is.

taken to-represent~the -combined effects, of variations in the tranismi ssion

path and&ice cover, as,,well as expetriental error. -Some of the short,

range leVels are considerab.ly higher than predicted for the- half channel

and. are interpreted as possible,,results- of donve6rgence. This effect isV ilustratO in Fi -e29-a, b -where arrivals 'from #8, caps art-two different
ranges are. shown. The first at 1 km shows only a discrete arrival fol.

lowedby -a botoin reflection. The second, ai5malso, apparently shows

-a. delayed convergence arrival for which the level is about 20 dBhigher

Ithan, theAirect arrival. Buck 6 hais also observed high signal levels at

short ranige which miay'-be ascrai1jd to convergefice.

Milne s7 tritns.-ission losses outxt 9O'km-have been included in

L ~ the figure s for~c omparisofi. These measurements weremade in the spring
afidmayrepresent-differences- in-the ice condition- or a changi~h e

-fraction.

The thioretical-transmijisioh loss curves are discussed in Se ,tion'

2.,6. The, curve ks 'is, the surface, sciatterin model representing the "aver-.
age", Ions for a-long transmiasion path. The curve 'At; s absorption loss

only ,and reprekients, a lower limit for short, range where -no surface reflec-
tioris are involved;

lies".. F&o ekarnple, in deep water the early arrivals may dominate and the

higi req~q, lssmay' be low because~he number 6f,,reflectionsis es
Thus thetranmsoni loss depends on the bottom topography as well as the

coniton 9.I~hesurface and-The sound velocity profile.

Hoqwever, the scatter- of the-transmxission loss data is evidently 49t due
to shorttey- changes in the mfedium,, whi ch,, in, at is -7emarkably stable.

Figtire' 30 ihows a series of 'k ,lb. shots at,'Omreter s depth received over



ri

an 800 kilometer path. The two hydrophones (a, V) were 1 kn.apart and I
the time between shots was, 2 hours, The similarities indicate',bth space

and time stability of the acoustic path.

2. 5 Normal Mode and Ray- Theories

To- illustrate the connection between normal mode and ray theories,.

we consider firct a single positive igradient deftned by- c = c 0, (1 + gz),,

where c is the depth dependent -so und velocity, g 1. s the velocity gradient

r-i c is the, sound velocityi (ms" )at thepressure release sizrfdce ,

and ,z is the depth (m). The resulting separated equation for thi depth

dependent p6ition 0f the velocity -potential is-then appron.mateIy g;given by: I
+ 0' =0 (1) 1

.~~~ "3 z
wihere 2 .. ~~~3 ;~~ (.02 ~jzJ 2

Here, a is the angular -freqiency (s' 1 ), and K is the wavenurnber (rn i )

'The eigenfunctions of Equation (1) are modified Hafikl ftdnctions of order

hl ( ) andh? (- ) represent "downward" and ",upv4ardl going

waves. For our purposes-:we consider,only h, ( t )-. The eigenvalues are

-ob tained: from-the zeiloes which havethe argument sr/ 3 :tFigure 3 1).

Thus, for the pressure release, surface, the firstmode .= 0

z 0, n = 1 is identified .as point (a), while the-curve t6 the right repre-

'sents the depth/frequency-dependence which increases to its maximum and

then decays, exponentially. -Similarly, the durve to-the right of point,(b)

represents the second mode n = 2.

1L

1i11-
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Good approximatioh of-the zeroes ,f h1 are given'by

- 3 (n- 2 ) n 1,2, 3 (3)
2 4

where x = (z =0). From this, the phase velocity of the n mode

becomes ([ c

A.n 3 l+', 4

and the ,grbup velocity, u , is obtained, from the relation

dc
u, =c +0 (5)In n ds

Substituting f = the final res'ult is:

n 6 Zf 4 I (6)

The frequency-time behavibr -of, a wave r eceived at a distant sur-
face point.from a surface impulsive source is simply the frequency-rode

number comppnents-delayed according to-the appk~opriate value of the

group velocity.

T6 compare ray-theory, the familiarJ-equations for the positive

gradient g- is:,

Z 2 sine 0o ({, , ro =  e- ( 7)
g cos-o0

where r0 is the horizontal distance betwpen surface reflections and 0

is-the grazing angle. Also,

t--,-fd --, 00 + . ... (8)to = de , 0o

Coig CosO= cog\ 3
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